Background: Computed tomography angiography (CTA) is the reference technique for the measurement of native maximum abdominal aortic aneurysm (AAA) diameter when surgery is being considered. However, there is a wide choice available for the methodology of maximum AAA diameter measurement on CTA, and to date, no consensus has been reached on which method is best. We analyzed clinical decisions based on these various measures of native maximum AAA diameter with CTA, then analyzed their reproducibility and identified the method of measurement yielding the highest agreement in terms of patient management. Materials and Methods: Three sets of measures in 46 native AAA were obtained, double-blind by three radiologists (J, S, V) on orthogonal planes, curved multiplanar reconstructions, and semi-automated-software, based on the AAA-lumen centerline. From each set, the clinical decision was recorded as follows: "Follow-up" (if all diameters <50 mm), "ambiguous" (if at least one diameter <50 mm AND at least one ≥50 mm) or "Surgery " (if all diameters ≥50 mm). Intra-and interobserver agreements in clinical decisions were compared using the weighted Kappa coefficient.
Introduction
The maximum diameter of native abdominal aortic aneurysm (AAA) is the main parameter used to monitor patient care, since it is related to the risk of rupture. Surgery is recommended in men when the maximum diameter is 50 to 55 mm (depending on the country or when patients are at higher risk of rupture), or when AAA diameter grows by more than 10 mm per year [1] [2] [3] . Computed tomography angiography (CTA) is the reference technique for the measurement of AAA diameter when surgery is being considered. However, there is a wide choice available for the methodology of maximum AAA diameter measurement on CTA, and to date, no consensus has been reached on which method is best [4, 5] .
A gold standard imaging technique should have a high reproducibility rate. Previous studies of the reproducibility of diameter measurement by CTA have generally been based on analysis of the difference between diameter values. The most popular statistical method is the Bland and Altman method [6] . When applied to AAA diameter analysis, the clinical threshold is 5 mm for the coefficient of repeatability, and the clinically accepted range is -5 mm to +5 mm for the limits of agreement [7, 8] . Mora et al. [5] recently showed that even using precise methodology, the reproducibility of maximum diameter measurements of native AAA on CTA may not meet recommended thresholds.
In the end, the clinical decision regarding management is based on a maximum diameter value that is measured in a non-consensual fashion, which may furthermore differ from one observer to another due to lack of reproducibility. The impact of various CTAbased measures of maximum AAA diameter, and the impact of reproducibility limits on the decision to operate have never been investigated.
Therefore, the aims of this study were to analyze the consequences on clinical decisions of such a wide choice of AAA maximum diameter measurement methodologies when using CTA; to analyze the reproducibility of these clinical decisions, and finally, to identify the method of measurement that yields the best agreement for patient management.
Materials and Methods
The details of CTA protocol, database constitution, analysis and patient selection have previously been described [5] . CTA acquisitions were not ECG (electrocardiogram) gated.
Male patients with non-operated infrarenal AAA undergoing CTA between January 1, 2010 and April 15, 2012 were retrospectively identified in the Picture Archiving and Communication System (PACS) (Impax version 5.2; Agfa, Mortsel, Belgium) of the Radiology Department of the University Hospital of Reims, France.
Patients were identified using the terms "aneurysm, " "aorta, " "abdominal, " and "male gender" and combined using the Boolean operators "AND" and "OR, " from the computerized indication for CTA examination in the PACS. After reading the whole indication for CTA examination, patients were excluded in case of inflammatory aneurysm, false aneurysm, aneurysm after open repair or stent-graft, thoracic, thoraco-abdominal or iliac artery aneurysms, or aortic diameter less than 30 mm. Older CTA were selected in case of multiple examinations for the same patient. CTA from eligible patients were re-analyzed on axial slices and only CTAs at the arterial phase after contrast injection showing an infrarenal AAA with a maximum external diameter in any direction greater than or equal to 30 mm were identified [5] . Only patients with an AAA greater than or equal to 40 mm and less than or equal to 60 mm were included in the present analysis. Age was the only patient characteristic that was recorded.
One junior resident (J), one senior vascular interventional radiologist (S) with, respectively, 3 and 20 years experience, and a specialist in vascular medicine with more than 15 years experience in vascular radiology (V), all blinded to previous radiological reports, independently measured maximum AAA diameter on each examination. Each observer performed two readings, at a minimum of 4 week intervals, yielding 6 series of measures: Junior readings 1 (J1) and 2 (J2), Senior readings 1 (S1) and 2 (S2), and Vascular readings 1 (V1) and 2 (V2).
Maximum external diameter was measured using 10 different methodologies. The slices of interest displaying the largest aneurysm diameter were selected by each observer (J, S, and V), although the slice numbers were not recorded.
First, nine measurements were performed on the PACS workstation: 1. On the selected axial slice ( Figure 1A • on selected parasagittal reformatted images ( Figure 1D ), antero-posterior diameter perpendicular to the long axis of the aneurysm PSR _PerpD, • on selected paracoronal reformatted images ( Figure 1E ), transverse diameter perpendicular to the long axis of the aneurysm PCR _PerpD. Second, using dedicated 3D analysis software (Advanced Vessel Analysis Xpress, General Electric, Milwaukee, WI, USA), (6) and diameter perpendicular to the long axis of the aneurysm Coro_PerpD (7). D. Parasagittal reconstructed image: antero-posterior diameter perpendicular to the long axis of the aneurysm PSR _PerpD (8) . E. Paracoronal reconstructed images: transverse diameter perpendicular to the long axis of the aneurysm PCR _PerpD (9) . F. Semi-automated method: cross section containing the maximum aortic diameter in any direction perpendicular to the lumen centerline. The circle corresponds to the initial result obtained with the software, contouring the interface between the aortic lumen opacified by contrast agent and the thrombus. Arrows illustrate the effect of manual drawing of the AAA outer limits (thrombus and walls) performed by the observer. G. Semi-automated method: maximum diameter in any direction (10) automatically calculated once the observer has manually drawn the outer limits of the AAA, including thrombus and the arterial wall the maximum diameter perpendicular to the centerline called Semi-automated_D was measured semi-automatically ( Figure  1F and Figure 1G ). This 3D analysis software creates the abdominal aortic lumen centerline once the observer has placed two points at the celiac aortic level and the aortic bifurcation, and then the software automatically provides cross sections perpendicular to this centerline. The cross-section containing the maximum aortic diameter in any direction perpendicular to the lumen centerline is visually selected by the observer, who then manually draws the outer limits of the AAA, including thrombus and the arterial wall. Then, the maximum diameter in any direction is automatically calculated.
The main difference between the two methods is that the centerline of MPR curvilinear is drawn manually when it is drawn automatically with the semi-automated method from the starting point to the ending point of the aorta.
The study was approved by the Institutional Review Board of Reims University Hospital, France.
Data are described as mean and standard deviation (SD) for quantitative variables and number (percentage) for qualitative variables.
For each AAA and for each reading, the diameter values were classified into three different sets as follows:
When analyzing values obtained for a single AAA in any one of the sets, the clinical decisions were recorded as follows:
• "Follow-up" if all diameters were less than 50 mm, • "Ambiguous" if at least one diameter was less than 50 mm and at least one other was greater than or equal to 50 mm • "Intervention " if all diameters were greater than or equal to 50 mm As only one diameter was provided with the semi-automated method, the clinical decision was recorded as "Follow-up" in case of AAA less than 50 mm or "Intervention" in case of AAA greater than or equal to 50 mm.
For each reader, mean diameters obtained with each method were compared with the general linear model and the Student t test.
Proportions of "Intervention" decisions were compared between the two sets of measures of each individual observer (J1, S1, and V1) and between the same set of measures of two observers (J1 versus S1, J1 versus V1, and S1 versus V1) using Mac Nemar's Chi 2 test. Intra-observer (J1 versus J2; S1 versus S2, and V1 versus V2) and inter-observer agreement in terms of clinical decisions were compared using the Kappa coefficient (K). The weighted Kappa coefficient was used when clinical decisions were "Follow-up, " "Ambiguous, " or "Intervention. " Ordinary (non-weighted) Kappa coefficient was used when the clinical decision was a binary variable ("Follow-up" or "Intervention"), that is, for the semi-automated method. The strength of agreement was interpreted as very good when K was greater than 0.81, good when K was 0.61-0.80, moderate when K was 0.41-0.60, fair when K was 0.21-0.40, poor when K was less than 0.20.
A P value less than 0.05 was considered statistically significant. All analyses were performed using SAS version 9.0 (SAS Inc, Cary, NC, USA). Observers: J1, S1, V1; n = 46 AAA; diameters are expressed in mm as the mean ± standard deviation; * for diameter abbreviations, see Figure 1 ; PSR/ PCR: parasagittal/paracoronal reconstruction. n= 46 AAA; for each AAA, the clinical decision was established separately based on seven diameters measured for the "orthogonal planes" set, based on two diameters for the "curvilinear MPR diameters" set, and based on only one diameter with the semi-automated method.
Results
In total, 46 patients (corresponding to 46 CTA) were included in the present study. The mean age was 71 ± 9 years.
The comparisons of the 10 mean diameters noted by each observer on the first reading are reported in Table 1 .
For readers J and S, there was a significant difference overall in mean diameters obtained with each method (P = 0.0004 and P = 0.0006 respectively). For reader J, the diameters that differed significantly were Axial_APD (P= 0.03), Axial_Dmax (P < 0.0001) and diameter measured by the semi-automated method (P= 0.02). For reader S, the diameters that differed significantly were Axial_Dmax (P= 0.001) and the semi-automated method (P= 0.0007).
Clinical Decisions
Clinical decisions based on the 3 sets of AAA maximum diameter values, from the first and second readings of each observer, are reported in Table 2 . The clinical decision varied according to the sets used for each observer. The number of AAA proposed for "Intervention" ranged from 11 to 24 for J1, 5 to 20 for S1 and 15 to 23 for V1.
The clinical decision also varied between the first and second readings of a same observer, and between the first reading of 2 observers. The semi-automated method yielded the highest rate of AAA proposed for "Intervention".
The differences in the number of patients proposed for "Intervention" based on each set of measures (intra-and inter-observer comparisons) are reported in Table 3 . From one set of measures to another, the decision to proceed to intervention differed significantly for each observer.
When the same set of measures by each observer was considered, the decision to proceed to intervention differed statistically significantly from one observer to another in a total of six of nine comparisons.
Based on the first reading of each observer, the rate of AAAs classified as "Ambiguous" varied from 11% (5/46) to 37% (17/46). 
Intra-Observer Agreement in Clinical Decisions
Intra-observer agreement in clinical decisions between the first and second readings of all observers is reported in Table 4 . The highest rate of agreement was observed with Curvilinear MPR diameters for J (K = 0.95), and with the semi-automated method for S and V (K=1). The semi-automated method yielded 93.5% agreement for J (K=0.87).
Interobserver Agreement in Clinical Decisions
Inter-observer agreement in clinical decisions between the first reading of all observers is also reported in Table 5 . The highest rates of agreement were observed with the semi-automated method, with a (non-weighted) Kappa coefficient ranging from 0.83 (J1 versus S1) to 0.96 (J1 versus V1).
Discussion
The aim of this study was to evaluate the impact on management of 46 patients with an AAA diameter between 40 mm and 60 mm, of the lack of consensual methodology for the measurement of maximum diameter, and of the inadequate reproducibility of AAA maximum diameter measurement on CTA. We showed that clinical decisions varied according to the measurement sets used by each observer; that they also varied between the first and second reading of a same observer, and between first readings of two observers. The semi-automated method yielded good intra-and interobserver agreement in terms of clinical decisions in all comparisons.
Given that there is no consensus or recommendation in clinical practice for the preference of any single diameter over another, we chose to analyze the clinical decisions made using three different measurement sets, namely measures performed on orthogonal planes, from curvilinear multiplanar reconstructions and with the semi-automated method.
This analysis showed that clinical decisions differed for a same observer from one set of diameters to another, and also from one observer to another, even when the two observers were using the same set of diameters. The rate of patients referred to "Intervention" varied consistently.
The semi-automated method yielded the highest rates of surgical indication (≥ 50 mm) for all observers, and for both readings (24, 20, and 23/46 patients for J1, S1, and V1 respectively ; 23, 20, and 23/46 patients for J2, S2, and V2 respectively). This can likely be explained by the absence of an "ambiguous" option. Indeed, since only one diameter is obtained with the semi-automated method, only two clinical decisions are available, namely "Intervention" or "Follow-up".
Intra-observer agreement in clinical decisions was very good, with a Kappa coefficient greater than 0.81 for all sets of measurements, except one at 0.80. The highest rate of agreement (100%) was observed for observers S and V with the semi-automated method.
Inter-observer agreement in clinical decisions was poorer, as three of the kappa values dropped to 0.60 or below. The highest rates of agreement were observed for all three observers with the semi-automated method (91.3% to 97.8%, corresponding to a These results should prompt a prudent attitude. Indeed, even when the Kappa coefficient is considered, in statistical terms, to be good or very good, closer analysis of the clinical decisions is mandatory to examine any discrepancies. For instance, the inter-observer agreement between J1 and S1 observed with the semi-automated method yielded a kappa coefficient of 0.83, indicating very good agreement. Nonetheless, nearly 10% of patients (4/46) had contrasting management recommendations.
Previous studies have analyzed the reproducibility of various methodologies for AAA maximum diameter measurements in order to reach a consensus on the method that yields the highest reproducibility, but that is nonetheless available in routine clinical practice [5, [9] [10] [11] [12] . The question of reproducibility is especially crucial when CTA images are analyzed by several different clinicians during the patient's management pathway.
To the best of our knowledge, this is the first study to report the impact of this multiplicity of measurement choices and their reproducibility on clinical decisions. Given that a difference of only a few millimeters may heavily impact on the choice of management strategy, the originality of this study lies in the determination of the type of measurement that gives the highest rate of agreement in terms of clinical decisions.
In a recent review of the Cochrane database, shortterm mortality (defined as 30-day or in-hospital mortality) after endovascular AAA repair and after open surgery were respectively 1.4% and 4.2% [13] . On the other hand, the rate of rupture of a 50 mm-AAA per 1000 person-years was estimated at 6.4 (95%CI 4.3-9.5) in men in the RESCAN meta-analysis [14] . The recent IMPROVE trial showed that the 30-day mortality rate after rupture in patients was 35.4% in the endovascular strategy group and 37.4% in the open repair group [15] . Overall mortality is likely higher, as some patients die before reaching hospital. Therefore, the clinical decision in patients with AAA diameters close to the threshold has serious consequences for patient outcome, and a few millimeters can potentially influence the course of a patient's life.
The type of measurement and the reproducibility may only slightly affect intra-and inter-observer agreement in terms of clinical decisions when the AAA is small, that is, diameter less than 40 mm, or when the AAA is clearly very big, that is, greater than 60 mm. Even if there is a difference of 10 mm between two readings by the same observer or between two observers, the decision will still be "Follow-up" in the first case and "Intervention" in the second. However, for AAAs with a diameter close to the threshold value for Intervention (50 mm), in either direction (above or below), the impact of a few mm difference may be of greater importance. For this reason, we decided to limit our analysis to AAA with axial_Dmax ranging from 40 mm to 60 mm, as being the zone where lack of reproducibility is most likely to tip the balance from one management strategy to the other. In addition, inclusion of smaller and bigger AAA might have interfered with the results, by respectively increasing the rates of "Follow-up" and "Intervention. "
The semi-automated method provides a more realistic representation of AAA anatomy and consequently, the maximum diameter in any direction perpendicular to the lumen centerline estimated with this approach is closer to the real maximum diameter. However, in case of tortuous AAA with asymmetric thrombus, the Dmax measured perpendicular to the lumen centerline do not really represent the 'real' Dmax. A centerline based on the thrombus envelop (AAA outer-wall centerline) is in this case more adapted. Unfortunately, most of the software used with CT are based on the lumen centerline [16] , even if some publications are based on AAA outer-wall centerline [11, 17, 18] . Software providing the AAA outer-wall centerline was not available in our Radiology Department.
With the semi-automated method, only one diameter value is provided for each AAA, leading to only two clinical outcomes, namely "Follow-up" or "Intervention". Therefore, the problematic clinical situation of an "Ambiguous" decision, leading to a decision to propose Intervention in a patient who in fact only requires Follow-up, or vice versa, is removed. A recent study showed that the semi-automated method led to more reproducible results between different observers [5] . Indeed, when using this method, human Intervention during the different steps of CT analysis is reduced, and is limited to the observer having to place two points at the celiac aortic level and the aortic bifurcation, choosing the slice of interest, then delimiting the outer wall of the aorta manually [5] . In the present study, the semi-automated method also yielded the highest rate of agreement in clinical decisions between observers, and between the first and second readings of two observers.
The study has some limitations that deserve to be acknowledged. Firstly, as the CTA protocol did not include cardiac gating, it is not possible to know whether measures were performed in the systolic or diastolic phase. However, this does not influence the results, since the same sets were read by all observers. Secondly, we did not record for each patient the presence or absence of wall calcifications, which might have helped identify external diameter. Similarly, we did not record the location (concentric or excentric) of any thrombus, which might have affected measurement with the semi-automated method. However, again, these points should not influence the results, since all observers read the same sets. Thirdly, we did not record AAA morphology; therefore, we could not discuss the impact of complex morphology on decisions agreements.
Conclusion
Even when AAA maximum diameter was measured on CTA considered as the gold standard, clinical decisions varied according to the measurement sets used by each observer, varied between readings by one observer and between the first readings of two observers. The semi-automated method, using lumen-based software, yielded very good intra-and inter-observer agreement in clinical decisions in all comparisons. These findings suggest that the semi-automated method seems to be appropriate for AAA maximum diameter measurement on CTA. In the absence of AAA outer-wall based software more robust for complex AAA, clinical decisions on whether or not to proceed to Intervention might reliably be made with diameter values obtained using this technique.
